An account is given of the relativistic component-field electromagnetic theory of moving bodies, which extends orthodox relativity theory by recognising sources of the field, and it is shown to have advantages over orthodox theory in aiding physical comprehension. It is then applied to the determination of the electromagnetic field in a cylindrical rod of nonretentive ferromagnetic material, which can be either a conductor or a dielectric, in motion with high velocity through crossed fields. Particular cases investigated include the electromotive force induced in the rod by its motion through a magnetic field, it being confirmed that this is independent of the relative permeability, and the magnetisation of the rod by its motion through an electrostatic field. Expressions for the polarisation and magnetisation of the moving rod are also obtained. All the results are considerably simplified if the velocity of the rod is small compared with the velocity of light. For low velocities the theory can be presented in simple terms without reference to the theory of relativity, and for this reason, and also because of its physical basis, it is considered to have considerable advantages.
velocity of light in vacuo (i-t)V)-" Introduction
The phenomenon of electromagnetic induction, discovered by Michael Faraday in 1831, is the rock on which electrical engineering has been built, while the experimental and theoretical investigation of the electromagnetic effects of moving bodies has been fundamental to the development of modern physical theory in the evolution of aether theories and the emergence of the theory of relativity. It was indeed the latter which, in providing a purely mathematical specification of the electromagnetic effects of moving bodies, swept out of respectable science the current physical theories and postulated explanations of such important practical phenomena as the electric field produced by a moving magnet.
Engineers and physicists who seek descriptions of natural phenomena in terms of physical concepts, however, have available in the relativistic component-field theory of electromagnetism a theory of the fields of moving bodies which is not only equivalent to the mathematical relativistic theory but also provides much physical insight into the phenomena, and, as will be shown, physically consistent accounts of the action. The development of relativistic electromagnetism largely as a province of mathematics has had the unfortunate result that electromagnetic theory in physical terms, as taught in our universities and colleges, has too often been confined to the prerelativistic form developed by H. A. Lorentz on the foundation of Maxwell's theory, which is commonly known as Maxwell-Lorentz. This is entirely satisfactory and sufficient for the majority of practical applications, but in unusual problems involving moving magnets its application can sometimes be complex and ambiguous. An example is the case of a magnetic cylinder moving concentrically along a currentcarrying conductor, 1 and an old problem, considered by Faraday in 1851, 2 which has been the source of much discussion is that of a rotating cylindrical magnet. 3 In the case of electromagnetic induction in a body which is both magnetic and a dielectric moving through a magnetic field, prerelativistic theory actually gives an incorrect result. 4 All these problems are readily analysed and solved by means of the component-field theory. In this paper the theory will first be explained and compared with orthodox theory, and then used to find the field measures in a magnetic cylindrical rod, which may be either a conductor or a dielectric, moving transversely with high velocity through crossed electric and magnetic fields. This analysis also provides a specific proof, which so far appears to have been lacking, that when a wire moves through a magnetic field the induced e.m.f. is the same whether the conductor is nonmagnetic or magnetic. This fact, first discovered and very simply demonstrated by Faraday in 1831, 6 may be inferred from the general laws of electromagnetic induction and the conservation of energy, but it will be proved here directly by finding the magnitude of the electromagnetic field within the moving wire. From the same analysis it will appear that the induced e.m.f. is given by the simple flux-cutting law, even up to velocities comparable with the velocity of light. Another particular case which will be analysed is that of the magnetisation of an iron rod by its motion through an electrostatic field, a phenomenon sought but not detected by Faraday in 1832. 7 
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Electromagnetic component-field theory of moving media
and

Maxwell's equations and Lorentz transformation
Maxwell's equations for the field in free space:
at c u r l f f =^ (2) at define relationships between the resultant or total measures of the electromagnetic field at a point fixed in the inertial reference system in which measurements are made and the equations used. They do not relate the field to its sources. The principle of relativity of inertial reference systems, first enunciated by Henri Poincare in 1904, 8 requires that these equations should be valid, and therefore the velocity of light in vacuo equal to c, in all such systems, and this requirement is met if the measures of space and time defining a given physical point event, as observed in two relatively moving inertial systems, 5 and S', are related by the Lorentz transformation:
and, reciprocally,
where v is the velocity of the system 5 ' relative to S along the x-axis andj3 = ( l -^/ c 2 ) -1 / 2 . It then follows that the electromagnetic field measures at corresponding points of space and time in the two systems must be related by transformations such as
the suffixes n and v denoting components normal and parallel to the velocity v, respectively. Eqn. 4, and similar transformations for H, B, and D, provide a specification of the electromagnetic field of moving bodies as required by the special or restricted theory of relativity. The specification is obtained by the purely mathematical application of the Lorentz transformation to Maxwell's equations, and the relations such as eqn. 4 are functions of the resultant field measures at a point, and are not related to the physical sources of the field.
2.2
Component-field theory
Transformation of field measures
In the component-field theory we extend relativistic theory to take account of field sources. We suppose a body, which may consist of conductors and dielectrics, nonmagnetic or magnetic, to be stationary in an inertial reference system S' which is moving with constant rectilinear velocity v, in the direction of the x-axis, in a second inertial reference system S. For our purpose, we may identify S as the reference system of the laboratory in which the body is moving and in which observations of the electromagnetic field, at points fixed in the reference system, are made.
Let E o and D o = € o 'Eo be the components of the electric field measures, and H o and B o = n 0 H 0 be the components of the magnetic field measures, assumed constant and uniform,* due to sources external to the moving body and as observed in the system S. The corresponding fields as observed in the system S 1 , at points fixed in that system, are given by eqn. 4 and similar transformations. To simplify the expressions we shall suppose that the fields E o etc. are perpendicular to v. The unchanged parallel components of field, if any, can then be added in any particular case. These external fields then exert polarising and magnetising forces on the moving body which in its rest system S' appear as a polarising field
and a magnetising field
(8)
We may note that E' o is merely the Lorentz force, or the force on a unit charge moving with velocity v through the fields E o and B o , but modified by the relativistic factor j3, since it now appears in S' as a force on a stationary unit charge, i.e. an electric field intensity. H' o is its magnetic 'dual' or force on a unit magnetic pole stationary in S'. D'o and B' o are related to E' o and H' o as in free space. So if we are concerned merely with a theory of moving bodies with low velocities, in which v^.c and 0 can be taken as unity, we can deduce eqns. 5-8 independently of the theory of relativity from the physical laws for the force on a charge and a magnetic pole when moving through an electromagnetic field, and by transferring our viewpoint from one reference system to the other.
The field measures at a point inside the body, as observed in its rest system S', consist of the above 'external' field components, given by eqns. 5-8, together with 'self field components arising from the state of electrification, polarisation, and magnetisation of the body, brought into existence by the action of the polarising and magnetising fields. The selfcomponents of field, which will depend on the shape of the body and its orientation to the external fields, may be expressed as
where E' p , D p are due to the polarisation of the dielectrics and E' q , D' q are due to the displaced free charges on conductors, and
where P' is the polarisation, and u' a' "p. tt p due to the magnetisation,
•If the external field varies with time or in space the selfcomponents of field in the moving body will vary with time in S' and will induce field components. These will, in many cases, be negligible, but can readily be included if necessary. See Reference 5, chap. 7, for a more extensive account of the theory. and where M' is the magnetisation. The resultant fields in the rest system S' are then:
(15)
In the system S the selfcomponents of field E' s etc. are observed to be increased by the relativistic factor |3 and also to cause 'motional' fields by the motion of their sources in the moving body. These are:
(a) electric motional field
It follows that the relativistic field transformations can be expressed in two forms, the first of which in the following equations is the standard orthodox transformation of relativity theory, and the second is obtained by collecting the three components of field, i.e. external, self and motional, as given previously:
The second form of these equations can also be obtained by substitution of the values of E' etc. given by eqns. 12-15 in the orthodox transformations and the use of eqns. 5-8.
Magnetisation and polarisation
The transformations for the polarisation P and magnetisation M are, in symmetrical form in which M = B - 
In these relations all unprimed quantities are those observed in the system S at an instant f, and all primed quantities are observed in the system S' at an instant t', where t and t' are related by the Lorentz transformation, eqn. 3. This applies to all expressions relating S and S' measures, but in the use of the theory in problems of electromagnetic induction involving e.m.fs of the first order only, and tThese symmetrical definitions of M and P are preferred to the alternative unsymmetrical form in which B = n 0 (H + M). The dependence of H on the concept of magnetic poles, which is symmetrical with the dependence of E on the concept of electric charge, is inherent in Poisson's classical analysis of a polarised magnetic medium, which remains valid and basic to the theory of magnetism even if we now accept that it is spinning electrons that cause M. The symmetry, moreover, leads to symmetrical transformations as seen in eqns. 24 and 25. SI units provide for both forms: electromagnetic moment, magnetic moment (Am velocities
Comparison of orthodox and component-field theories
The logic of the component-field theory is very simple: the electric and magnetic fields caused directly by the motion of magnetised and electrified matter arise from the motion of the constituent electric charges and magnetic dipoles (if the pole concept of magnetism is used) in the moving bodies and of nothing else. These motional fields can be expressed, for rectilinear motion, by the vector products of the parent fields and velocities of the bodies, but if the total resultant field in the interior of a moving body is due partly to the body itself and partly to external sources, the true motional field of the body must clearly be a function of the selfcomponent of field alone, and not of the resultant field in the body. This is consistent with Lorentz's extension of Maxwell's theory, in which he regarded electrons, moving freely in a fixed and immobile aether, as the sole sources of the electromagnetic field, 9 and in contrast to the earlier theory of Hertz, in which it was supposed that matter in motion carried the enclosed aether along with it, 10 This hypothesis of Hertz was found by A. Eichenwald in 1903-04 11 To compare the use of the two forms of the relativistic field transformations given in eqns. 20-23, consider the simple case of a solid iron sphere, of very high relative permeability, moving with constant rectilinear velocity transversely through an external field B o with E o = 0. The magnetising flux density acting on the sphere in its rest system S' is, from eqn. 8,
and the resultant field in the sphere, in its rest system, is given by
since the iron is a conductor, and
very closely. To find the electric field E inside the moving sphere as observed in the system S, we may use either form of the field transformation given in eqn. 20. First, consider the component-field form:
The polarising electric field acting on the sphere in its rest system S' is, from eqn. 5,
and this displaces charges in the sphere, which set up a selfcomponent of field E' s cancelling the external component E' o , i.e.
that E = -$ 1 3 ( v x B Q ) = B x v (38) E' 8 = -E' o = -P(VXB 0 )
Then, since
B' = B'o+B' p = 3B' O
we have
The use of eqn. 31 shows clearly that the resultant electric field E is made up of two parts with different physical origins: the first, of magnitude one-third of the whole, being the field of the charges displaced in the conducting sphere, while the second, of magnitude two-thirds of the whole, is the motional electric field produced by the motion of the magnetised iron. The extent to which charges are displaced in the sphere is a measure of the induced e.m.f.; so it follows that this, induced by the motion of the sphere through a field B o , is proportional to B o and not to the resultant internal field B.
In comparison, consider the orthodox form of the field transformation:
We have E' = 0 and B' = 3B' O and so, using eqn. 28, we find at once as in eqn. 36. This, however, is all that we do find. There is no suggestion in eqn. 38 of any displaced charges and the two parts of E are obscured. We cannot derive the induced e.m.f. from the result, and if we attempt to do so we may conclude that there is none. To find the e.m.f. we must go back to the reason for E' being zero and accept the idea of two field components cancelling each other, and so are led to the component-field theory. The orthodox transformations, being the result of a purely mathematical operation on Maxwell's equations, are a poor and indeed misleading guide to physical interpretations. It follows that the component-field theory is not just an alternative method of obtaining relativistic results: each term of the equations has a recognisable physical meaning and the theory brings physics into the transformations where previously it was absent. A further advantage of the component-field theory is that it provides a low-velocity ( § = 1) theory of moving media which can be taught and used without reference to the theory of relativity at all, and which, contrary to prerelativistic Maxwell-Lorentz theory which is still prevalent, is consistent with the principle of relativity and experiment in all known cases, including that of induction in a moving magnetic dielectric. Fig. 1 depicts the circular cross-section of a solid long straight rod of magnetic material, of relative permeability /i r , which may be either a dielectric of relative permittivity e r or a conductor. It is stationary in a transverse electric or magnetic field due to external sources which contribute to the resultant field, at an internal point, the 'external' field components:
Cross-sectional view of cylindrical rod at rest in a transverse electric field EQ or a transverse magnetic field BQ
Primed symbols are used since the rod is considered to be stationary in-an inertial reference system S', and unprimed symbols will then denote the field measures as observed in the system S in which the rod is moving. These would be the field measures if the rod were removed, assuming that its removal did not disturb the external field sources:
Dielectric rod
By the usual methods of potential theory it may be shown that the field measures at an internal point are given by:
and D' = or and the selfcomponents (eqns. 9-11) of field are:
The polarisation or magnetisation will be
Conducting rod
If the rod is a conductor the magnetic field will be the same as before, but the electric field measures will be The polarisation or magnetisation will be
If the rod is a conductor, the electric field will be given by eqns. 45 and 46, and the magnetic field will be the same as in a dielectric rod. 
Fields for internal equilibrium
The rod, Fig. 2 , is assumed to be long and to move with constant velocity v transversely through a constant and uniform magnetic field B o due to external sources. The rod is on 'open circuit', carrying no current, and so for internal equilibrium, from eqns. 45, 46 and 5:
and from eqns. 43 and 8: 
E.M.F. induced in rod
The electromagnetically induced e.m.f. along an open path in a conductor is the line integral along the path of the electromagnetic force, F h which is defined as the force on a unit charge situated at a point on the path and stationary relative to the body, induced by electromagnetic action alone and excluding the electrostatic component of force due to true charges displaced from their neutral positions in the body. 13 To find the induced e.m.f. in the present case, therefore, we remove the component E' s from the expressions for E and B given by eqns. 54 and 55 and find for the fields to be used in the expression for 
The e.m.f. is thus the same as in a nonmagnetic conductor. The result may be obtained in an elementary way by assuming that the magnetised rod moves through the external component of flux density B o alone, carrying its selfcomponent B p with it. It is indeed obvious that the electromagnetic force F t must be independent of the magnetisation of the rod, since, in the rest system of the latter, the magnetisation causes no force on a stationary unit charge, so there can be no such force in any other inertial reference system in which charge and rod are co-moving. We may briefly sum up these conclusions in the statement that a magnet moving with constant rectilinear velocity cannot induce an e.m.f. in itself.
3.3
Magnetic conducting rod moving across transverse electrostatic field
The long rod, Fig. 2 , moves transversely with constant velocity v through a constant and uniform electrostatic field EQ due to external sources. For internal equilibrium, from eqns. 5 and 46:
while from eqns. 8 and 50:
Ean. 62 also gives the magnetisation Af' in the rest system 5 ' sihce H p = 0. Since B o = 0, we then find from eqns. 20 and 23:
Thus, the magnetic flux density in the rod consists of two parts:
(a) that of the magnetisation, (iB p (b) the motional magnetic field of the charges induced by E o on the conducting rod.
The Lorentz force in the rod, F = E + v x B, is zero. In any practical case, the magnetisation will be extremely small. For example, a rod moving at one-tenth the velocity of light through an electrostatic field of 10 4 V/m, with relative permeability Mr = 100> would be magnetised to the extent of only about 10" s T. 
3.4
Magnetic dielectric rod in a transverse electric field and a tangential magnetic field, moving perpendicularly to both fields
Electromagnetic field in rod
The situation is shown in Fig. 3 . The rod is long, moving with constant velocity v, and the fields are constant and uniform. From eqns. 42,50,49,43 and 5-8, we find: To compare the case of a magnetic dielectric rod moving through an electrostatic field with that of a conducting rod, Section 3.3, we put B o = 0 in eqn. 70, so that
(74)
This value of B is smaller than that given by eqn. 64, since the selfcomponent E' s is smaller when the rod is a dielectric. The magnetisation is the same in both cases. This difference is shown more clearly by expressing the results in the form:
In eqns. 75 and 76 the term in (fi r -1) is the magnetisation of the rod, while the second terms give the magnetic field produced by the motion of the charges induced on the rod.
Magnetisation and polarisation
The magnetisation and polarisation of the rod may be obtained either by using eqns. 69 to 72 in the relations 
Magnetic dielectric rod in tangential electric field and a transverse magnetic field, moving perpendicularly to these fields
Electromagnetic field in rod
The situation is that of Fig. 3 with E o and B o interchanged. Following the same procedure, we obtain: Eqns. 80-83 can also be derived from eqns. 69-72 by interchanging electric and magnetic field measures, e r and ju r , and changing the sign of the vector product terms. 
These expressions can also be derived from eqns. 78 and 79 by appropriate interchange of symbols and signs.
Conclusion
The foregoing analysis provides proofs of the motional e.m.f. in a magnetic rod and its magnetisation by motion through an electrostatic field. In addition, rigorous expressions are obtained for the electromagnetic field in a magnetic dielectric rod moving with high velocity through constant and uniform crossed fields. These results satisfy the orthodox relativistic field transformations given in eqns. 20-23, as may be confirmed by substitution. Expressions for the magnetisation and polarisation are limited to the case in which v « c, but the rigorous expressions for high velocities can readily be obtained by the use of eqn. 77 and the rigorous expressions for the field measures given by eqns. 69-72 and 80-83. 
